D Sluik, AI Engelen and EJ Feskens BACKGROUND/OBJECTIVES: Despite the worldwide scientific and media attention, the actual fructose consumption in many non-US populations is not clear. The aim of this study was to estimate the fructose consumption and its main food sources in a representative sample of the general Dutch population. SUBJECTS/METHODS: In all, 3817 children and adults aged 7-69 years from the Dutch National Food Consumption Survey 2007-2010 were studied. Values for fructose content of the products were assigned using several food composition tables. Diet was assessed with two nonconsecutive 24-h dietary recalls. The Multiple Source Method was used to take into account day-to-day variation and to estimate the habitual fructose consumption. RESULTS: Median habitual fructose intake was 46 g/day, with an interquartile range of 35-60 g/day. In boys, the highest median intake was observed among 14-to 18-year olds: 61 g/day. In girls, those aged 9-13 years reported the highest median intake: 56 g/day. Of total fructose intake, 67% was consumed in the form of sucrose and 33% was consumed as free fructose. Soft drinks constituted the main food source of total fructose (13-29% across age and sex categories), followed by juices (9-12%), fruit (9-18%), cake and cookies (9-11%) and dairy products (6-10%). CONCLUSIONS: Fructose comprised 9% of the mean daily energy intake in the general Dutch population aged 7-69 years. The fructose consumption was somewhat lower than most recent figures from the US. The main food sources of fructose were soft drinks, juices and fruit.
INTRODUCTION
Fructose is a monosaccharide that is naturally found primarily in fruit, but mainly consumed as sucrose. It has been the focus of much attention in recent years, both in the scientific world and among the public. Bray et al. 1 proposed in 2004 that the use of high-fructose corn syrup (HFCS) in beverages might be uniquely linked to the obesity epidemic in the US and many other countries, although they did not suggest a causal relationship. Furthermore, Lustig et al. 2 argued that fructose has toxic effects on the liver that are similar to those of alcohol, and that 'chronic fructose exposure' may lead to health problems including hypertension, myocardial infarction, pancreatitis and obesity. Moreover, the consumption of fructose-containing sugars, including sucrose and HFCS, has been linked to various adverse health outcomes, including obesity, hypertension, nonalcoholic fatty liver disease (NAFLD), insulin resistance, dyslipidemia and the metabolic syndrome. 3 Scientific evidence suggesting adverse health effects of fructose consumption is often based on ecological studies, animal studies or experiments with large doses of pure fructose. 3 Indeed, in animal studies, high-fructose doses have induced high serum triglyceride levels and have led to obesity, insulin resistance and NAFLD. 4 Systematic reviews and meta-analyses of controlled feeding trials in humans have nuanced these findings. They have shown that in isocaloric diets fructose did not appear to cause weight gain, raise triglycerides, increase blood pressure or lead to NAFLD. [5] [6] [7] [8] Moreover, the fructose doses assigned in these trials were very high, often in the range of 100-200 g/day. In comparison, within the National Health and Nutrition Examination Survey (NHANES) 1999-2006, mean fructose consumption was 59 g/day (10 en%) among adolescents aged 12-18 years and 48 g/day (8 en%) among adults aged 19-80 years. 9 Most observational population-level research has focused on the relationship between the intake of sugar-sweetened beverages (SSBs) and health outcomes. Although there might be insufficient evidence for a direct link between fructose and the obesity epidemic, 10 the consumption of products that contain fructose, SSBs in particular, is associated with body weight gain and a variety of adverse health effects. 3 In the US, SSBs are the largest source of calories and added sugars in both adults and children, and are sweetened by HFCS, sucrose or fruit juice concentrates. Hu 12 and Bray 11 concluded that SSBs are linked to overweight and obesity through their energy value, rather than their fructose content. Bray, 11 however, further argues that the fructose is responsible for an increase in triglycerides by SSBs. In observational studies, it is therefore important to distinguish between SSBs and fructose and to consider all food sources of fructose.
HFCS is an American definition; in Europe, the term isoglucose or glucose-fructose syrup refers to a liquid sweetener composed of mainly glucose and fructose in varying compositions. Within the European Union, its production is limited to ca 5% of the total sugar production. 13 As a result, the use of isoglucose as a replacement for sucrose in foods and beverages is not widespread in Europe.
Thus, considering the high doses of fructose used in feeding trials and the fact that HFCS is not used in Dutch industrially processed foods, it is of interest to know the actual fructose consumption in the Netherlands. Therefore, the objective of this study was to estimate the consumption of fructose and its main food sources in a representative sample of the Dutch population. Because most of the discussion focuses on fructose from sucrose and SSBs, we will distinguish between free fructose and fructose from sucrose and solid/semiliquid and liquid food sources.
SUBJECTS AND METHODS

Study design and population
The Dutch National Food Consumption Survey (DNFCS) 2007-2010 was conducted among children and adults aged 7-69 years in the Netherlands, and it aimed to gain insight into the diet of Dutch children and adults. 14 Data were collected from March 2007 to April 2010 by means of agespecific general questionnaires and through two nonconsecutive 24-h dietary recalls.
The survey population was representative with regard to age and sex within each age group, region, degree of urbanization and educational level, and it consisted of people living in the Netherlands, excluding pregnant and lactating women, institutionalized persons or persons with insufficient knowledge of the Dutch language. Weight and height were self-reported. Age, gender and educational attainment from the age of 12 years were assessed with a general questionnaire.
In total, 5502 people aged 7-69 years were invited, of whom 3819 (69%) agreed. For the present analysis, two persons who reported no intake during one dietary recall were excluded, comprising an analytical sample of 3817 persons.
Sugar composition table
A food composition table was constructed to assess the intakes of total monosaccharides and disaccharides and the individual monosaccharides and disaccharides-that is, glucose, fructose, lactose, maltose and sucrose. Values for the total monosaccharide and disaccharide content were assigned to 2065 foods using the Dutch food composition table 2011. 15 This food composition table and its previous version from 2006 were used as the primary source to assign values for the individual monosaccharides and disaccharides (n = 507 foods). For foods for which no values for individual monosaccharides and disaccharides were available in the Dutch table, it was searched in internationally available food composition databases in the following order: (1) McCance & Widdowson's composition of foods integrated data set, UK (n = 194 foods); 16 (2) the Danish food composition database (n = 8 foods); 17 and (3) the Finnish food composition database, Fineli (n = 44 foods). 18 If values for monosaccharides and disaccharides in specific foods were not available in the food composition databases, imputed values from comparable foods were used (n = 269). For recipes or composite foods, values of the individual monosaccharides and disaccharides were assigned to each ingredient (n = 66). A total of 314 products were assigned a logical zero value, and for 462 products (22%) it was not possible to derive the individual monosaccharides and disaccharides. Here it was assumed that the total amounts of monosaccharides and disaccharides were 100% sucrose. Values for the remaining 201 food items were assigned using other information sources (for example, food producing companies and survey data sets) or other assumptions. Fructose was defined as the sum of free fructose and 50% of sucrose.
Dietary assessment
Dietary intake was assessed with two nonconsecutive 24-h dietary recalls. Each person was interviewed twice with an interval of 2-6 weeks. The aim was to spread the recalls equally over all days of the week and seasons. Food consumption on Sunday to Friday was recalled the next day, consumption on a Saturday was recalled on the following Monday. Children aged 7-15 years were interviewed face to face during a home visit where at least one of the child's parents or carers was present. Participants aged 16 years and older were interviewed by telephone. The two 24-h dietary recalls were processed using the computer-directed interview programme EPIC-SOFT. 19, 20 Consumption data were linked to the sugar composition table and the 2011 Dutch food composition table. Foods were organized into 17 food groups and 85 subgroups according to the EPIC-SOFT classification, only food groups that contributed to fructose intake are presented.
Statistical analyses
Habitual daily consumption of fructose was estimated with the Multiple Source Method (MSM). 21, 22 The MSM has been developed to predict habitual consumption based on a short-term measurement, such as the 24-h recall. On the basis of the consumed portion on a 'consumption day' and the chance that a person consumes the nutrient on a random day, the habitual consumption is derived; it was assumed that all participants were habitual consumers. The percentage contribution of food groups to fructose consumption was not estimated with MSM.
Age-and sex-specific intakes of total fructose, energy percentage, carbohydrate percentage and calories from fructose were estimated. Because some trials have observed adverse effects of a fructose consumption 4100 grams per day, 23, 24 the number of persons who exceeded this intake was assessed. Furthermore, total fructose consumption across body mass index (BMI) categories and categories of educational attainment was assessed.
All statistical analyses were performed with SAS, version 9.2 software (SAS Institute, Inc., Cary, NC, USA). Intakes are expressed as mean, median, percentiles, energy percentage, percentages of total carbohydrates and calories. A histogram gave insight in the distribution.
All results were weighted for sociodemographic characteristics, day of the week and season of data collection to yield results that are representative for the Dutch population and for all days of the week and all seasons. These weighting factors were derived from Dutch census data from 2008 as reference population and were created in an iterative process. Figure 1 shows the distribution of habitual fructose intake, this was fairly normally distributed within the study population. From this histogram, it can be deduced that the proportion of persons with a fructose consumption of ⩾ 100 g/day was very small.
RESULTS
Median habitual fructose intake was 46 g/day, with an interquartile range of 35-60 g/day and 9 ± 3 en% ( Table 1) . Fructose intake was somewhat higher among men. In boys, the highest median intake was observed among 14-to 18-year olds: 61 g/day (10 en%). In girls, those aged 9-13 years reported the highest median intake: 56 g/day (11 en%). In these age groups, fructose contributed to 11% of the total energy intake. Fructose was mainly consumed during the afternoon (21%) and in the evening (21%).
Age-and sex-adjusted fructose consumption was lowest among persons with a BMI over 30 kg/m 2 with a mean ± s.e. of 45 ±1 g/day and 8 en% (Table 2) . Moreover, age-and sex-adjusted fructose consumption was slightly higher among persons with a primary and advanced elementary education, and it was lowest among persons who attended university. However, no significant trend was detected.
Of the total fructose intake, 67% was consumed as sucrose and 33% was consumed as free fructose ( Figure 2 ). The contribution of sucrose to total fructose intake was higher among the younger age groups. Table 3 shows the contribution of food groups to the intake of fructose. On the whole, soft drinks constituted the main food source of total fructose, followed by juices and fruit. In boys (aged 7-18 years), main food sources were soft drinks (30%), dairy products (10%), juices (9%), fruit (9%) and cake and cookies (9%). In men (aged 19-69 years), these were soft drinks (20%), fruit (13%), juices (10%) and dairy products (7%). In girls, soft drinks (26%), cake and cookies (10%), fruit (11%) and juices (11%) contributed most to fructose intake. In women, fruit was the main contributor (19%), followed by soft drinks (14%) and juices (13%).
Fifty-two per cent of the fructose consumption was provided by solid and semiliquid foods (including yogurt, dairy desserts and sauces). Soft drinks, cake and cookies, chocolate and sugar, honey and jam mostly provided to the sucrose component of total fructose intake. Soft drinks, fruit and juices mainly contributed to freefructose consumption.
CONCLUSIONS
In this representative sample of the Dutch population aged 7-69 years, median habitual fructose consumption was 46 g/day.
Fructose intake was highest among the younger age groups. About two-third of total fructose was consumed as sucrose. Main food sources of fructose were soft drinks, fruits and juices. Furthermore, dairy products were an important food source in boys and men, and cakes and cookies for girls. This is the first study to estimate the consumption of fructose in the Netherlands. Despite the scientific attention paid to this monosaccharide, the habitual consumption of fructose has not Fructose consumption in the Netherlands D Sluik et al been estimated in many other studies. There have been a few investigations, however, to which we can compare our findings. In 2008, fructose consumption was assessed within the NHANES III from 1988 to 1994. The survey population of NHANES is a representative sample of the US civilian, noninstitutionalized population of ⩾ 2 years. Mean fructose intake was estimated at 55 g/day, comprising 10 en%. The intake was highest among adolescents, with a mean of 73 g/day (12 en%). 25 More recently, within the NHANES 1999-2006, mean fructose consumption was 59 g/day (10 en%) among adolescents aged 12-18 years and 48 g/day (8 en%) among adults aged 19-80 years. 9 Bray et al. 1 estimated the total fructose intake (calculated as 50% sucrose plus fructose in HFCS) to be 11.5 en% in 1997-1998. This calculation did not take naturally occurring fructose into account. Compared with these figures, the consumption in the Netherlands was lower, with a mean intake of 49 g/day and 9 en%. Furthermore, in line with data from NHANES 1988-1994, 25 the main food sources of fructose were soft drinks, fruit, juices and cake and cookies. Furthermore, in the New Zealand Adult Nutrition Survey 2008-2009 among 4721 New Zealanders aged 15 years and older, median free fructose intake was 21.6 g/day for men and 18.3 g/day for women. Main food sources of free fructose were fruit, nonalcoholic beverages, vegetables, sugars and sweets and alcoholic beverages. 26 This study considered the intake of free fructose and fructose from sucrose, as well as all food sources of fructose consumption. Because most of the scientific discussion focuses only on fructose from sucrose and SSBs, this study gives a more complete overview of total fructose intake at the population level. About two-third of total fructose was consumed as sucrose. The intake of free fructose was stable across age categories; the intake of fructose from sucrose was highest among boys and girls. Free fructose is mainly found in fruit, and its main contributors in the population constituted fruit, soft drinks and juices. Fructose from sucrose was highest among the younger age groups, and across age and gender its main contributors were processed foods: soft drinks, cake and cookies, sugar, honey, jam, syrups and chocolate.
Several controlled feeding trials in humans have been conducted to study the effects of fructose on various end points, including cholesterol levels, triglycerides, blood pressure, insulin resistance and weight gain. A meta-analysis of controlled feeding trials concluded that fructose did not have a different effect on triglycerides compared with other carbohydrates, as long as it was isocalorically substituted in the diet. 8 Moreover, meta-analyses of trials did not find an effect of fructose and fructose-containing sugars on blood pressure, the metabolic syndrome, HDLcholesterol or NAFLD. 3, 5, 24, 27 Because any adverse effects of fructose were most apparent in hypercaloric trials, but not in isocaloric trials, they are likely to be a result of excess energy rather than fructose itself. Furthermore, the habitual intake of fructose in our study population was much lower than the fructose doses in intervention trials. It is not known whether the prolonged consumption of the observed amounts is associated with adverse health effects. 4 However, we believe that it is unlikely that effects similar to those observed with high excess doses of fructose in trials will occur in the general population. As for weight gain, there is no conclusive evidence for a direct link between fructose and fructose-containing foods on obesity. 28 A systematic review and meta-analysis of controlled feeding trials by Sievenpiper et al. 7 showed that fructose did not appear to cause weight gain in isocaloric diets, even at high amounts. In contrast, fructose consumption in hypercaloric diets, providing excess calories, did increase body weight modestly. This was most likely the effect of the extra calories rather than fructose. Hu argues that both intervention studies and cohort studies have given evidence for a causal relationship between consumption of SSBs and obesity. 12 Kaiser et al. 29 are more cautious about the relationship between SSBs and obesity. They point out that adding SSBs to the diet is related to a dose-dependent increase in weight, but that the evidence of reducing SSBs on obesity is equivocal and the effects estimates small. Because SSBs add extra calories to the diet, total energy intake is most likely to be the mediator in this association. Furthermore, there are indications that individuals do not compensate their energy intake for the added calories consumed from SSBs. 30 Bray hypothesized that the fructose in SSBs is responsible for the increase in triglycerides. 31 However, as trials have not shown a direct association between fructose and triglycerides, this does not seem likely. Although SSBs comprise an important source of fructose intake, it is important to distinguish between fructose and fructose-containing foods, and between health effects of fructose and energy. In conclusion, because the worldwide obesity pandemic is a complex and multifactorial phenomenon, it is unlikely that only one dietary component is the primary cause. Moreover, scientific evidence does not indicate that fructose consumption, independently from energy intake, is associated with adverse health effects including weight gain, NAFLD and high triglyceride levels. The fructose content of foods is not readily available in all food composition tables. As a result, other studies have based their estimates on indirect measures such as food availability, food production and disappearance data. 32, 33 The main strength of this study is that we could estimate the individual fructose consumption of the Dutch population using various food composition tables. Moreover, to the best of our knowledge, this is the first study to estimate total fructose consumption and its food sources in a non-US population. The Dutch national food consumption survey was conducted among a representative sample of the Dutch population, which makes the results applicable to the general population.
However, some methodological considerations should be taken into account when interpreting these data. First, weight and height were self-reported. In this study, age-and sex-adjusted fructose intakes were highest among persons with a lower BMI and lowest among persons with a BMI 430 kg/m 2 . This may be attributed to misreporting: persons with a low BMI tend to overreport their energy and thus fructose intake; persons with a higher BMI tend to underreport these intakes. This is an acknowledged problem in nutritional surveys. 34 However, as this is a cross-sectional study, it is also possible that persons with a high BMI have already reduced their fructose consumption. A longitudinal study is necessary to confirm this association in the future. Moreover, children may underreport their fructose consumption in front of their parents.
Second, food products for which the individual monosaccharides and disaccharides were not listed in the Dutch food composition table were retrieved from international tables, taking the difference in name and composition into account. Natural variance in monosaccharide and disaccharide content may occur through the cultivation, storage and transportation. Moreover, the production and composition of commercial products are often subject to change.
Third, for 462 products, it was not possible to allocate the amount of individual monosaccharides and disaccharides. These products included, among others, alcoholic and nonalcoholic beverages (82 products), fats, oils and savory sauces (61 products), meat and meat products (48 products), cake and cookies (43 products), dairy (45 products) and sugar, sweets, sweet sandwich fillings and sweet sauces (34 products). It was assumed that the monosaccharides and disaccharides in these products consisted of 100% sucrose. As a result, we may have overestimated the sucrose and fructose intake.
Finally, the dietary assessment was based on two 24-h dietary recalls. The advantage of this assessment method is that the consumption on these days was very accurately estimated. However, day-to-day variation may be high. Therefore, we have estimated the habitual fructose intake using MSM. This method has been developed specifically to estimate habitual intake based on a short-term method, such as a 24-hour recall. 21, 22 A validation study, comparing four different methods including the MSM, showed that with sufficient study sample the method performed well. 35 In conclusion, fructose comprised 9% of the mean daily energy intake of the general Dutch population aged 7-69 years. The main food sources of fructose were soft drinks, juices and fruit. The consumption of fructose was somewhat lower than most recent figures from the US.
